To develop a clindamycin-loaded wound dressing, cross-linked hydrogel films were prepared using freezethawing method with various mixtures of polyvinyl alcohol (PVA) and sodium alginate (SA). The physicochemical properties such as swelling ratio, tensile strength and elongation of hydrogels were evaluated. The drug release from this clindamycin-loaded hydrogel, in vitro protein adsorption test and in vivo wound healing observations in rats were then performed. Increased SA concentration decreased the gelation %, maximum strength and break elongation, but it resulted into an increment in the swelling ability, elasticity and thermal stability of hydrogel film. However, SA had insignificant effect on the release of clindamycin. This hydrogel improved the healing rate of artificial wounds in rats. Thus, a clindamycin-loaded wound dressing with PVA and SA hydrogel should be a candidate for wound care.
A large number of dressings are currently used in the management of burns, split graft donor sites, chronic ulcers, decubitus ulcers, and so on. [1] [2] [3] [4] There are two kinds of dressings: dry type and wet type. It has been reported that healing with a wet environment is faster than that with a dry environment. 5) In recent years, hydrogels have received considerable attention to be used as specific absorbents in wound dressing materials. Thus, a number of polymers with superabsorbent properties have been developed for clinical applications, such as liquefaction and removal of scar, treatment of leg ulcers, pressure sores, and prevention of tissue deterioration in patients with restricted mobility. However, in the case of severe infections, the wound dressing hydrogelsonly with polymers may be insufficient for treatment of infection. Therefore, topical antimicrobial therapy remains one of the most important methods of skin wound care. The local application of antibiotics can provide high drug concentrations at the site of infection and can avoid systemic effects. 6) In this study, to develop a clindamycin-loaded wound dressing, cross-linked hydrogel films were prepared using freeze-thawing method with various mixtures of polyvinyl alcohol (PVA) and sodium alginate (SA). The physicochemical properties such as swelling ratio, tensile strength, elongation and thermal stability of hydrogels were evaluated. The drug release from this clindamycin-loaded hydrogel, in vitro protein adsorption test and in vivo wound healing observations in rats were then performed.
Clindamycin [7(S)-chloro-7-deoxylincomycin], a lincosamide antibiotic is active against aerobic Gram-positive and anaerobic bacteria, mycoplasmas, and some protozoa. 7) In companion animal medicine, clindamycin is mainly used in the treatment of diseases like staphylococcal skin infections and osteomyelitis, periodontal disease, bacterial prostatitis, toxoplasmosis, and neosporosis.
Polyvinyl alcohol (PVA) has several useful properties including non-toxicity, biocompatibility, high hydrophilicity, fiber/film forming ability, and the chemical and mechanical resistance. 8) PVA hydrogels produced by using the freezingthawing technique form a matrix of physically crosslinked polymeric chains containing uncrosslinked polymer and water. These gels are non-toxic, non-carcinogenic, have good biocompatibility, and have desirable physical properties such as rubbery nature and high degree of swelling in water. 9) PVA must be crosslinked if it is to be used in biodegradable materials. Furthermore, sodium alginate has been widely used in medical application such as wound dressings, scaffolds for hepatocyte culture and surgical or dental impression material. 10, 11) It is hydrophilic, biocompatible, and relatively economical.
12) It has been successfully applied to cleanse a wide variety of secreting lesions due to its high absorption.
MATERIALS AND METHODS
Materials PVA (typical average M w ϭ146000Ϫ186000; 99ϩ % hydrolyzed), sodium alginate, climdamycin ((7S)-7-chloro-7-deoxylincomycin hydrochloride), human serum albumin (HSA) (M w ϭ66 kDa, albumin: 97.31%) and human plasma fibrinogen (HPF) (M w ϭ341 kDa, clottable proteins Ͼ95%) were purchased from Sigma-Aldrich, Kanto Chemical Co. (Tokyo, Japan), Fluka Co. (Germany) and Calbiochem Co. (Germany), respectively. All other chemicals were used without any further purification.
Preparation of Hydrogels PVA/SA hydrogels were obtained by freezing-thawing (F-T) cycle. 9) Solutions containing 10% w/v PVA and 3% w/v SA and clindamycin were prepared in deionized water. Different proportions of PVA and SA (SAϭ0, 5, 10, 20, 30%) solutions were mixed by vortexing for an hour, and the calculated amounts of this mixture were poured in petri dishes, followed by freezing at Ϫ20°C for 18 h and thawing at room temperature for 6 h, for three consecutive cycles.
Determination of Gel Fraction After three F-T cycles, the samples were dried for 6 h at 50°C in an oven (W o ), then soaked in distilled water for 24 h up to a constant weight in where W o and W e are the weights of hydrogel samples dried for 6 h at 50°C before and after soaking, respectively.
Determination of Swelling Ratio
To measure the swelling behavior, hydrogel samples were cut into 2 cmϫ 2 cm pieces and dried at 50°C in an oven for 1 h and their dry weights (W a ) were immediately measured, then they were soaked in PBS maintained at 37°C and their weights (W s ) were determined at specific time points and the swelling ratio (SR) was calculated using the following formula:
where W a and W s are the weights of hydrogel samples dried for 1 h at 50°C and soaked in PBS maintained at 37°C, respectively.
Changing of 20% (w/w) sample's weight was also observed for 30 min. To minimize error caused by surface water, weights after immediate soaking (W si ) were also taken. The swelling ratio (SRЈ) was then determined according to the following formula. [13] [14] [15] SRЈ%ϭ
where W s and W si are the weights of hydrogel samples soaked in PBS maintained at 37°C immediately and for 30 min, respectively.
Determination of Mechanical Properties
The tensile strength and breaking elongation of hydrogels were determined using a tensile test machine (Instron 4464, U.K.). After three F-T cycles, the hydrogels were cut into specific dog bone shape (6 cm long, 2 cm wide at the ends and 1 cm wide in the middle). The mechanical analysis was performed at a stretching rate of 20 mm/min with pre-load of 0.5 N to determine the maximum load for each matrix. The thickness of each individual hydrogel was also measured. 13, 16, 17) Adsorption of Protein onto Hydrogel Surface Pieces of hydrogel membrane cut into 2 cmϫ2 cm were immersed in 4 ml of pH 7.4 phosphate buffer solution (PBS) containing HSA and HPF proteins at 37°C, and shaken at 100 rpm for 24 h. Samples were then gently taken out and rinsed five times with PBS, placed in six wells containing aqueous solution of 1% sodium lauryl sulfate and shaken for 1 h at room temperature to remove the protein adsorbed on the surface. The protein contents of the each sample were then measured using the Bradford reagent. The absorbance at 570 nm was measured using an ultraviolet spectrometer. The calibration curve was prepared by measuring varying protein concentrations in the solution. 16, 17) Dissolution The drug release from hydrogel was measured by using Teflon frame instrument. Only one side of sample was attached to the Teflon frame instrument that was immersed into 400 ml distilled water at 37°C as the dissolution medium and stirred at the paddle speed of 50 rpm. One milliliter of the sample was withdrawn from the medium at various time intervals. The concentration of drug was determined by high-performance liquid chromatograph (PU-987 pump and UV-975 UV detector, Jasco). Then, 50 ml of the samples were injected into the column (5 mm particle size, 4.6ϫ150 mm, Inertsil C18, GL Science) with a UV detector at 214 nm. The mobile phase was acetate buffer (pH 4.6)-acetonitrile (75 : 25, v/v) at 1 ml/min. 6, 18, 19) In Vivo Wound Healing Test Male SD rats weighting approximately 250-300 g was used to evaluate wound healing characteristics of hydrogels. The dorsal hair of rats was shaved and the animals were anesthetized with Zoletil50 ® (Tiletamine/Zolazepam)/Rompun ® (Xylazine) cocktail by IP injection. Two full thickness skin wounds of 1.5 cmϫ1.5 cm area were prepared by excising the dorsum of rats and disinfected using 70% ethanol. The excised wounds were covered with the ethylene oxide gas sterilized PVA/SA wound dressings (2 cmϫ2 cm) containing clindamycin (control sample contained no drug) and fixed with elastic adhesive bandage (Soft cloth tape ® , 3M). After the experiment, rats were sacrificed by excess diethyl ether on 5 and 15 d after surgery. The wounds were grossly examined and photographed for characteristics evaluation. 14, 20) Histopathology For histopathological study, the skins including the entire wound with adjacent normal skin were excised and fixed in 10% buffered formalin. The specimen included the dermis and the subcutaneous tissue. Excised wound sites fixed in formalin were processed and embedded in paraffin, and sections of 3-5 mm were stained with hematoxylin and eosin. [21] [22] [23] RESULTS AND DISCUSSION Freeze-thawed solution leads to the formation of insoluble hydrogel. The more sodium alginate increased, the less gel fraction decreased (Fig. 1) . The gel fraction in absence of SA was about 85% and relatively high, suggesting that PVA was almost completely crosslinked. 24) Gel fraction decreased to less than 60% at 30% SA concentration with increasing SA concentration. In addition to acting as a wound healer, SA also reduces the crosslinking reaction and consequently the gelation process. Furthermore, in F-T cycle, the crosslinking strength of SA was weaker than that of PVA, even though SA formed crosslinking bond with PVA in the gel. Generally, as the gel fraction was lower, the strength and less flexibility of gel was weaker. 13) This effect can be utilized to control the gel fraction and strength of hydrogel. Figure 2A shows the effect of the maximum swelling abil- ity on the SA proportion. It can be seen that the maximum swelling ability increased with increased SA proportion. SA has better swelling ability, because it doesn't crosslink and is soluble in water. Lowly crosslinked hydrogels tended show higher water uptake ability, since the highly crosslinked structure couldn't sustain much water within gel structure. 14, 15) Figure 2B shows the swelling kinetics of 20% hydrogel dressings. Initially, swelling rate was very high, and the water could be absorbed easily into the hydrogel. However, swelling decreased after the elapse of time, due to the loss of SA because of its solubility.
To investigate the influence of SA on the mechanical properties of PVA/SA hydrogel, tensile strength and elongation at break were evaluated. Both the maximum strength and elongation at break decreased with increasing SA portions (Fig.  3A) . The decrease of the tensile strength was believed to be due to decreased crosslink density. 25) From the Young's modulus curve (Fig. 3B) , it can be seen that the more elastic hydrogels were obtained with an increment in SA proportions. 26) Furthermore, the maximum strength at break gave the same pattern to Young's modulus. Thus, our results suggested that sodium alginate decreased the maximum strength of hydrogels, resulting in strengthening the elastic property of hydrogel. Our results suggested that the crosslink between PVA and SA was not strong compared to the crosslink between PVA itself. Thus, whereas PVA was hard and close to solid, PVA/SA mixed hydrogels displayed more flexibility and elasticity. Figure 4 showed the albumin (HSA) and fibrinogen (HPF) adsorptions onto the PVA/SA membranes and the albumin/ fibrinogen adsorption ratio (HSA/HPF). The albumin/fibrinogen adsorption ratio is important when assessing the adhesion of platelets to artificial surfaces. Furthermore, the higher was the albumin/fibrinogen adsorption ratio, the lower was the number of adhering platelets. 27) Both the adsorption of HSA and HPF hardly changed as the amounts of SA in the PVA hydrogels increased. Thus, SA had insignificant effect on the albumin/fibrinogen adsorption ratios tested, suggesting that SA hardly affected the adhesion of platelets to artificial surfaces.
To evaluate whether sodium alginate affected the release rates of clindamycin, the release studies on various clindamycin-loaded hydrogels were carried out (Fig. 5) . The release rate of clindamycin in the hydrogel with 10% SA hardly changed compared to hydorgel with only PVA in distilled water. Furthermore, the release rate of clindamycin in the hydrogel with 30% SA a little increased compared to hydorgel with only PVA but there was no significant difference. Therefore, SA hardly affected the clindamycin release behavior from hydrogels. Each wound was observed for a period of 5 and 15 d post operation. All rats survived throughout the postoperative period until sacrifice. The healing process for each wound treated by dressing application progressed satisfactorily without any apparent complications. There were no evidences of necrosis. At 5 d postoperatively (Fig. 6) , little discrete inflammation was observed. There was no evidence of infection or contraction of the wound, whereas skin was hemorrhagic for some control samples and also scab was present on the wound spot. There was no size reduction in wound defect area of every sample. At 15 d postoperatively (Fig. 7) , majority of the wounds appeared to be healed. Exhibited an external cicatrisation but almost completely sealed.
Healing pattern of wounds was studied by the histology of control, SA 0% (w/w), 10% (w/w) and 30% (w/w) at 5 and 15 d postoperatively (Figs. 8, 9 ). 14, 28) On the 5th day of postwounding, histology analysis showed that test and control wounds showed an inflammation (Fig. 8) . Inflammatory phase is essential to healing. More inflammatory cells were seen in the test wound. Granulation tissue formation was also observed. These results suggested that moist environment accelerated wound healing at 5 d of post wounding. At 15 d, in PVA/SA wounds, the defect area almost was completely regenerated and showed a central small size wound (Fig. 9) . However, control wounds didn't completely covered with new epithelium and still showed inflammatory cell. As SA proportion increases, more inflammatory cells were observed. It was due to macrophage and biomaterial interactions.
The effect of clindamycin on the wounds and healing pattern of wounds were evaluated by examining the histology of only gauze (control), the PVA hydrogel without clindamycin and the PVA hydrogel with clindamycin at 5 d of post operation On the 5th day of post wounding, more inflammatory cells were found in control wounds treated with hydrogel without drug (Figs. 10a, c, e) . However, the hydrogel with drug showed a significant effect on wound (Figs. 10b, d, f) . Our results suggested that clindamycin could play an important role on preventing bacterial infection of the wound. 7) PVA is the biodegradable and nontoxic polymer. The natural polymer, SA, is cheap and very useful for wound dressing. As PVA and SA had high aqueous solubility, they needed crosslinking to be applied to the human body as a wound dressing system. Most of the crosslinking method use chemical agent having toxic ketone group. PVA hydrogels produced by freezing-thawing method form a physically crosslinked polymeric chains containing uncrosslinked polymer and water. These gels are non-toxic, non-carcinogenic, and have good biocompatibility and desirable physical properties. In this work, crosslinked hydrogels were prepared at the various proportion of SA to PVA, 0, 5, 10, 20 and 30%. Increasing the concentration of SA, decreased the gelation %, maximum strength and break elongation; and increased the swelling ability and elasticity of hydrogel film. Furthermore, the amounts of proteins adsorbed on hydrogel were increased with increasing sodium alginate ratio, indicating the reduced blood compatibility. In vivo experiments showed that the addition of SA is expected to improve utility as wound dressing mildly. Clindamycin could play an important role on preventing bacterial infection of the wound.
CONCLUSION
In conclusion, the clindamycin-loaded wound dressing developed using freezing-thawing method with PVP and SA gave more swellable, flexible and elastic compared to that with only PVA. Furthermore, it showed positive healing effect similar to that with only PVA. Thus, it could be used as a potential wound dressing form with better forming and well healing effect of clindamycin. 
